R2 elements are non-long-terminal-repeat (non-LTR) retrotransposons that insert specifically in the 28s rRNA genes of many insects. Previous reports concerning this element in the genus Drosophila have suggested that R2 elements are absent from many species of this genus, particularly those species from the subgenus Drosophila. In this report, we present an extensive study of the distribution and evolution of R2 elements in Drosophila. A PCR survey of 59 species from 23 species groups of the two major Drosophila subgenera found that R2 elements are present in all but two species of the melunoguster species subgroup. Phylogenetic analysis based on partial nucleotide sequences of R2 elements from 23 species demonstrates that the relationships of R2 elements are congruent with those of the Drosophila species phylogeny, suggesting that these elements have been vertically inherited since the divergence of this genus some 60 MYA. Sequence variation between different copies of R2 elements within each species was less than 0.16%, indicating that these elements are undergoing concerted evolution similar to that of the 28s genes. Several properties of the R2 sequences suggest that these elements depend on retrotransposition in addition to simple recombination to remain within the rDNA locus: the rates of synonymous substitutions averaged 4.8 times the rate of replacement substitutions, 82 of 83 R2 copies partially sequenced contained intact open reading frames, and, finally, length variation associated with the poly(A) 3' tails indicated that many R2 copies are the direct result of retrotransposition.
Introduction
Transposable elements constitute a major fraction of eukaryotic genomes. The transposition of these elements is known to cause insertional mutations and chromosomal rearrangements (Lambert, McDonald, and Weinstein 1988; MacPhee 1991) suggesting that as a class they are deleterious to their hosts. Transposable elements are most likely "selfish DNA" and parasitic in nature (Dawkins 1976; Doolittle and Sapienza 1980; Orgel and Crick 1980) , which raises the question of how these elements have been maintained over long periods of evolutionary time. As deleterious components of the genome, transposable elements should frequently be lost from host lineages. As a consequence, subsequent reintroduction across species boundaries of a new element (horizontal transfer) would be necessary for the maintenance of these elements over long periods of time. An alternative explanation could be that individual classes of elements have found stable situations within genomes that have either neutral, negligibly deleterious, or perhaps even beneficial effects on the host and can thus be maintained through vertical inheritance.
Recent studies have documented several instances of the horizontal transfer of elements between highly divergent species. It appears that both mariner and P elements (Robertson 1993; Clark, Maddison, and Ridwell 1994; Lohe et al. 1995) are often lost from a lineage and later reintroduced through horizontal transfer. These two elements move about the genome by a "cutand-paste" mechanism using transposase. Studies on the evolution of reverse transcriptase encoding retrotransposable elements, on the other hand, have suggested that these elements can be stably transmitted through the germline (Vanderwiel, Voytas, and Wendel 1993; Springer et al. 1995; Usdin et al. 1995) . These studies of mobile element evolution are often hampered by high levels of sequence divergence between elements within a species, the existence of high copy numbers, and the large proportion of these elements that are defective.
Rl and R2 are two distantly related elements of the non-long-terminal-repeat (non-LTR) family of retrotransposable elements that insert 74 bp apart in the 28s rRNA genes of their hosts (Burke, Calalang, and Eickbush 1987; Xiong and Eickbush 1988) . The uniform location of these elements in a tandemly repeated multigene family greatly facilitates their study, because it both limits the total number and diversity of elements and simplifies PCR amplification and Southern analysis. The first systematic study of the evolution of Rl and R2 elements was done on the eight species of the mekznogaster species subgroup . This study found that both Rl and R2 exist as single homogenous families within each species with the exception of the absence of R2 from the sibling species Drosophila orena and Drosophila erectu. The phylogenetic relationships of the Rl and R2 elements were congruent with the phylogeny of the species from which they were obtained, suggesting that both Rl and R2 have been maintained vertically. When the study of Rl elements was extended to 11 additional species from throughout the genus Drosophila, the story became more complicated . While in each species a family of Rl elements was found whose phylogenetic relationship was congruent with the species phylogeny, two Drosophila species also harbored a second, highly divergent, family of Rl elements. These second families could have arisen from horizontal transfers of a family from a distantly related species or from the vertical maintenance of multiple Rl families. In this report, we take a more extensive look at the evolution of the R2 element in the genus Drosophila.
Previous reports found only Rl elements in species analyzed from the subgenus Drosophila (Barnett and Rae 1979; Renkawitz-Pohl, Glatzer, and Kunz 1980; DeSalle, Slightom, and Zimmer 1986) . Based on these reports and our own demonstration of the loss of R2 elements within the melanogaster group of the subgenus Sophophoru , we expected R2 to be absent from many species throughout the genus. Instead, we found R2 elements in all species groups we examined in Drosophila. Analysis of the sequence relationship of the R2 elements from certain of these species groups suggested that R2 elements have existed as a single stable family within the Drosophila genome.
Materials and Methods
Strains, DNA Isolation, and Genomic Blots Most species were obtained from the Drosophila stock center at Bowling Green University. Species from the quinaria and testecea groups were obtained from J. Jaenike. Genomic DNA was isolated from each species as previously described . Genomic DNA was digested, blotted, and probed using a 280-bp 28s gene fragment from D. melunogaster clone a56 subcloned into pUC 18 as previously described (Jakubczak, Burke, and Eickbush 1991) .
PCR Amplification and Nucleotide Sequence Determinations
The presence of R2 elements within the 28s genes of each species was determined by PCR amplification of total genomic DNA using the following oligonucleotide primers. The degenerate primer, 5'-CARTGYC-GYGCRGGNTGYGA-3', was complementary to the sequences encoding part of the conserved cysteine-histidine motif located within the car-boxy1 terminal domain of the open reading frame (ORF) of all R2 elements (Jakubczak, Burke, and Eickbush 1990; Jakubczak, Xiong, and Eickbush 1991; Burke et al. 1993) . The second primer was a nondegenerate primer, 5'-CGCGCAT-GAATGGATTAACG-3', complementary to a region in the 28s gene 20 bp downstream of the R2 insertion site. PCR amplifications in each species were conducted over a range of Tuq polymerase and genomic DNA concentrations at MgC12 concentrations from 1.0 to 2.5 mM and DNA annealing temperatures from 50°C to 60°C. The PCR products obtained from 15 of the species were cloned into the vector, mp18T2 (Burke, Muller, and Eickbush 1995) , and multiple clones in either orientation were sequenced by the single-stranded dideoxy chain termination method using the -40 Universal primer (U.S. Biochemicals).
Determination of whether PCR amplification generated poly(A) tail length polymorphisms was performed by reamplifying a 104 dilution of previously cloned products using the -40 and -48 reverse primers of the mp18 sequencing vector (U.S. Biochemicals).
The resultant products were digested with Hind111 and EcoRl and ligated into a similarly digested mp 19 vector, and clones were selected for sequencing by C-testing with the original mp18 clone. The variance of the lengths of the poly(A) tail obtained from reamplification of three separate clones was calculated and plotted against these original poly(A) tail sizes. Means from each pairwise comparison were then calculated, and the expected variance from PCR-generated variation was determined.
If the distance of the clone pair from the mean was greater than the expected variance, then both clones were scored as resulting from separate transposition events.
R2 
Sequence and Phylogenetic Analysis
All DNA sequence analysis was conducted using the computer program package MacVector (International Biotechnologies).
The synonymous and nonsynonymous substitution rates were determined using the program PAML (Yang 1996) , based on the method of Nei and Gojobori (1986) . The phylogenetic relationships of the R2 elements were determined by maximum-parsimony (MP) algorithms using PAUP 3.1 (Swofford 1991) , by maximum-likelihood (ML) algorithms using DNAML (Felsenstein 1993) , and by neighbor-joining (NJ) distance algorithms (Saitou and Nei 1987) using PHYLIP (Felsenstein 1993) .
Results

PCR Survey for R2 Elements
The presence of R2 elements in a wide range of species from the genus Drosophila was determined by PCR amplification of genomic DNA. A new degenerate oligonucleotide primer was designed that was complementary to a portion of the sequence encoding the conserved cysteine-histidine (CCHC) motif located within the carboxyl terminal domain of all R2 elements. The sequence of this primer (see Muterials and Methods) was based on the sequence of R2 elements from the melunogaster species subgroup ; a distantly related Dipteran, Sciara coprophila (Burke et al. 1993) ; and a Lepidopteran, Bombyx mori (Burke, Calalang, and Eickbush 1987) . By making this primer sufficiently degenerate to anneal to R2 sequences from such widely divergent insects, it was assumed that this primer would enable amplification of all R2 elements from each species irrespective of their sequence similarity to R2 elements from the meZunogaster species subgroup. The second primer was a nondegenerate primer complementary to a highly conserved region in the 28s ribosomal gene 20 bp downstream of the R2 insertion site. Based on the lengths of R2 elements within the melanogaster species subgroup, these primers should amplify products approximately 0.8 kb in length, NOTE.-All species were initially surveyed by PCR and shown to generate PCR products of the expected size, indicating that they contain R2 elements (see Materials and Methods). PCR products from 15 species were cloned for sequences analysis. Column 4 indicates the number of clones sequenced from each of these selected species. Column 5 gives the average percent nucleotide sequence divergence of the clones sequenced from that species. Asterisks indicate repleta species reported in Malik and Eickbush (unpublished data).
including 5 10 bp of the R2 ORF and an approximately 250-bp 3' untranslated region (3' UTR). This size product is optimal for PCR amplification, cloning, and sequencing and thus was more convenient for analysis than the 2.4-3.0-kb fragments amplified in our previous reports Lathe et al. 1995) . To test their reliability, these primers were first used to amplify R2 elements in the eight species of the melunogaster species subgroup. A range of polymerase, DNA, and MgC12 concentrations as well as annealing temperatures gave rise to PCR products of the predicted size in six species, but no products in D. erectu and D. orena, the two species previously shown to be without R2 insertions .
A total of 51 additional species from 23 species groups of the Sophophora and Drosophila subgenera were similarly subjected to this PCR protocol (table 1). All species gave rise to PCR fragments from 670 to 950 bp in length, with most species giving rise to these PCR products over a wide range of amplification conditions. To confirm that the PCR products were authentic R2 fragments, and to analyze the sequence relationship of these R2 elements, PCR products were cloned and sequenced from 15 species in 8 species groups. From 4 to 11 clones were sequenced from each species (a total of 83 clones) in order to estimate the level of within-species nucleotide sequence divergence. As shown in table 1 (column 5), the multiple copies of R2 obtained from each species averaged only 0.16% nucleotide sequence divergence. This value excludes the length variation at the extreme 3' junction of the R2 element, which is generated by the insertion process itself and will be discussed below. Indeed, only two clones exhibited over 0.6% nucleotide divergence from the other elements within the same species. One clone from D. nasutu contained a 400-bp deletion within the ORF and averaged 2% nucleotide divergence in its remaining 350 bp. The second clone was from D. recens and averaged 1.1% nucleotide divergence from the other R2 copies of that species. Thus, no evidence was obtained for a distinct second family of R2 elements in any species as was previously found for Rl elements in D. tukahushii and D. neotestecea .
Phylogeny of R2 Elements in Drosophila
The R2 ORF sequenced from elements of the 15 Drosophila species varied in length by only three codons (168 to 171 codons). In contrast, the 3' UTR of these clones varied in length from 139 bp in D. falleni to 376 bp in D. neotestacea and could not be unambiguously aligned in some regions. To determine the relationships of the R2 elements within Drosophila, the nucleotide sequence from the ORF region was subjected to phylogenetic analysis using MP ML, and NJ algorithms (see Materials and Methods). Added to these 15 sequences were the sequences of R2 elements from six species within the melanogaster species subgroup (Eickbush and Eickbush 1995) and two species from the repleta group (unpublished data). R2 sequences from the dipteran S. coprophila were used to root the 23 Drosophila sequences (Burke et al. 1993) . Because the level of sequence divergence within each species (table 1) was insignificant compared to the level of divergence between species, only a single R2 sequence was used to represent the elements of each species. Numbers below certain branch nodes are the bootstrap values for the same topology based on 1,000 bootstrap replications with a heuristic (closest addition) search using maximum parsimony. The absence of a number below a branch node means that the most parsimonious tree obtained by the heuristic search did not support that branch topology. The sequence of only one R2 element from each species was used in this analysis, because the level of sequence divergence between elements from the same species was minimal (see table  1 ). Shown at the right are the nine species groups of Drosophila from which R2 sequences were derived for this report. R2 sequences from species of the melanogaster subgroups are from . The tree was rooted using R2 element sequences from the dipteran Sciuru coprophila (Burke et al. 1993) .
To account for different models of evolutionary change, three separate distance matrices were used in the NJ analysis: the Kimura two-parameter (allowing for difference between transition and transversion rates; Kimura 1980), ML (additionally allowing for different frequencies of the four bases ; Felsenstein 1993) and Jin and Nei (1990;  allowing different rates of substitution from site to site). In turn, each distance matrix was used with transition/transversion ratios (Ti/Tv) of 1.5, 2, and 3, and the Jin and Nei matrix was used with coefficient of variation values of 1 and 2. The phylogeny shown in figure 1 is an NJ tree using the ML distance matrix with a Ti/Tv ratio of 2. The topologies and relative branch lengths using the different distance matrices were similar except for the branching order of the ananassae, obscura, and willistoni species groups. While the three
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species groups remained monophyletic with each matrix, depending on the Ti/Tv ratio used, the positions of the obscura and ananassae groups were switched from those shown in figure 1. Also, when higher Ti/Tv ratios (>2) were used with the Jin and Nei method, the monophyly of D. robusta and D. sordid&a was not supported. Analyzing partioned sequence data (the first and second and the third codon positions) using NJ resulted in the same topology and similar bootstrap values for each data set.
Bootstrap values for each node of the NJ tree in figure 1 are shown above each branch, while those also supported by the MP method are shown below each branch node. The main difference between the topologies obtained by these two methods is that whereas the NJ method clearly bifurcates the species of the subgenera Drosophila and Sophophora (as shown in figure l), the MP method does not separate the species of the subgenus Drosophzla as a single taxon (although the MP method does support the monophyly of the subgenus Sophophora). The branches representing each species group of the subgenus Drosophila in the MP method are arranged in a step fashion with the D. nasuta R2 elements being the least divergent from the subgenus Sophophora and the R2 elements from the repleta group being the most divergent. Finally, an ML analysis was done using DNAML (Felsenstein 1993) . Although a bootstrap analysis was not performed (due to computational limitations), the resulting ML topology is identical to the topology shown in figure 1 .
A 50% consensus cladogram of the R2 elements within the genus Drosophila based on 1,000 replications each of NJ (using all three distance matrices) and MP (using simple, closest, and random addition) runs (for a total of 6,000 replications) is shown in figure 2 . The phylogenies of the R2 elements within each species group and between species groups in this cladogram are in agreement with the generally accepted phylogeny of the species (Lemeunier et al. 1986; Lachaise et al. 1988; DeSalle and Grimaldi 1991; Pelandakis, Higgins, and Solignac 1991; Pelandakis and Solignac 1993; Russo, Takezaki, and Nei 1995) . There is only one instance where the R2 phylogeny and the species phylogeny are in conflict. Whereas molecular and morphological data place the willistoni species group outside the melanogaster/obscura groups, the R2 phylogeny places the willisoni species, like the ananassae species, as distinct members of the melanogaster species group. Based on the small number of character states (5 13), the limited number of species for each group used in this analysis, and the fact that this topology was not supported by all the distance matrices used, we do not believe this constitutes a clear incongruency with the species phylogeny.
Evidence for the Retrotransposition of R2 Elements in Each Lineage
Of the 83 R2 clones sequenced from the 15 species of Drosophila, only one clone did not contain an intact R2 ORF throughout the 500-bp region sequenced. (The exception was a D. nasuta clone which contained an -4OO-bp deletion of coding and 3' UTR sequences.) represents all branch topologies that are supported by greater than 50% bootstrap values (based on 6,000 replications) with both the maximum-parsimony (1,000 replications each using closest, simple, and random addition) and neighbor-joining (1,000 replications each using Kimura two-parameter, maximum-likelihood, and Jin and Nei distance matrices) methods. Those branch topologies that are supported by greater than 80% values are shown in bold line.
The conserved nature of the R2 ORF within each species, as well as the length of this ORF between species, is in sharp contrast to the highly variable 3' UTR. This finding indicates that the R2 elements in each lineage have been under selective pressure to preserve their ORFs, and thus suggests that the elements have maintained their ability to retrotranspose.
A second argument for selective pressure retaining functional R2 ORFs within each lineage is the rate of nucleotide change at synonymous and nonsynonymous sites in the ORE Shown in table 2 are the rates of nucleotide changes at synonymous sites (KS) compared with the rates of nonsynonymous (replacement) changes (K,) for sequence comparisons between R2 elements from the same species groups. The ratio of KS/K, for these intra-species-group comparisons range from 2.34 to 6.49, with a mean of 4.83. Shown in table 3 are the KS and K, values for the comparison of one R2 element from each of the nine different species groups scored in this study. The ratio of KS/K, for these inter-speciesgroup comparisons varies from 2.44 to 8.70, with a mean of 5.05. The significantly higher rates of nucleotide substitutions at synonymous positions than at replacement positions indicate selective pressure for the maintenance of the R2 ORF within and between the species groups tested.
The ratios of KS to K, for the R2 elements shown in tables 2 and 3 are similar to those found previously NOTE.
--values are the average of all possible comparisons within each species group. The number of species from each group for which R2 sequences are available can be found in figure 1. for the Rl elements from some of these same species groups (see Lathe et al. 1995, table 1) . The rate of nucleotide substitution (both K, and KS) was somewhat higher for the Rl elements than for the R2 elements within the RepZeta species group, but was higher for the R2 elements than for the Rl elements within the Obscura species group. In no instance did they differ more than twofold. To compare the rate of nucleotide substitution in Rl and R2 to that of a more typical structural gene of Drosophila, we have previously used the alcohol dehydrogenase (Adh) gene .
Within the melanogaster species subgroup, the rate of nucleotide substitution at KS positions for Rl and R2 was 2 to 2.5 times faster than that of Adh . The KS values for the R2 sequences reported here again averaged 2.5 times that of the Adh gene for comparisons between the the melanogaster, obscura, and repleta groups (see Lathe et al. 1995, table 1) .
In addition to the selective pressure on their ORFs, a third argument that suggested the R2 elements in each lineage are undergoing retrotransposition events was an analysis of the variation present at their 3' junctions with the 28s target site. The R2 elements of all species in this study end in a poly(A) tail from 5 to 44 nucleotides in length. Shown in figure 3 is the length distribution of these poly(A) tails from each species. Drosophila wilZistoni had the lowest level of variation, with four clones of lengths 19 or 21 nucleotides. Drosophila nasuta had the highest level of variation, with five clones of lengths 6, 10, 19, 3 1, and 44 residues. The nucleotide variation at the 3' junction of the R2 element with the 28s gene was limited to the length of this poly(A) tail in all species except D. sordidula. Of the seven clones sequenced from this species, one had an additional TT dinucleotide 2 bp before the poly(A) tail, and one had an additional AAT sequence also 2 bp before the poly(A) tail.
Two mechanisms could explain this variation in the length of the R2 poly(A) tail. First, the variation could be generated by the retrotransposition process itself. In vitro studies of R2 retrotransposition (Luan et al. 1993; Luan and Eickbush 1995) have shown that the R2 reverse transcriptase can add additional nucleotides before initiation of cDNA synthesis at the 3' end of the R2 transcript. For example, when an RNA molecule with eight A's was used as template, the integrated reverse transcripts had poly(A) tails from 3 to 25 nucleotides in length (Luan and Eickbush 1995) . The second possibil- ity for the length polymorphism at the 3' end of R2 elements is the unfaithful replication of long nucleotide homopolymers by the Tuq polymerase used in the PCR amplifications.
To determine to what extent the variation seen in the poly(A) tail length in R2 clones was due to PCR amplification artifacts, three R2 clones with poly ( dent on the length of the original poly(A) tail. Of the 36 clones sequenced from the reamplification of the R2 element with a tail length of eight, 34 (94%) had poly(A) tail lengths of eight residues and 2 contained nine residues. In the case of the reamplification of the R2 clone with a tail length of 19, only 68% (19 of 28 clones) retained the original poly(A) tail length, whereas seven clones contained tails of 18 residues, one 20 and another 21 residues in length. Reamplification of the R2 clone with a tail length of 31 gave greater variation. Only 11 clones (29%) maintained the original length of 3 1, with the remainder distributed over lengths ranging from 25 to 34 nucleotides.
Based on these estimates of the variation generated by the PCR amplification reaction itself ( fig. 4) , it is clear that in each species, the distribution in poly(A) lengths was many times greater than that observed with the PCR amplification of a single R2 element, and more like the variation generated by the retrotransposition mechanism (Luan and Eickbush 1995) . Thus each species contains multiple 3' R2 junctions that are likely to be the result of separate retrotransposition events. By determining the expected variance from the PCR reamplification experiment (see Materials and Methods), it can be calculated that 50%-85% of the clones from each species are likely (95% confidence limits) to represent separate integration events rather than PCR-generated diversity (see column at the right in fig. 3 ). These values are in fact underestimates of the true number of integration events, because the R2 retrotransposition mechanism will by chance give rise to similar-length poly(A) tails (Luan and Eickbush 1995) .
Discussion
Species from a large number of Drosophila lineages were surveyed in this report, because previous studies had suggested that R2 elements were not as broadly distributed in Drosophila and other insect taxa as vealed only Rl insertions (Smith and Beckingham 1984) . Consistent with these earlier reports, our own attempts to clone rDNA insertions from many divergent orders of Insecta by screening of genomic libraries and by inverse PCR recovered insertions in the Rl site in all eight species examined, but in the R2 site in only three species (Jakubczak, Burke, and Eickbush 1991) . These combined studies suggested that R2 elements are broadly distributed throughout insects, but many extant species might not contain R2 insertions.
Combined with our earlier analysis of the melunogaster species subgroup , we can now conclude that 57 of 59 species surveyed from 23 species groups of Drosophila contain R2 elements inserted within their 28s genes. The three species (D. hydei, D. mercatorurn, and D. virilis) previously reported to lack R2 elements do contain these elements. Failure to detect R2 elements in the earlier studies is undoubtedly a function of the lower abundance of R2 than of Rl. In the 25 Drosophila species for which we scored the relative abundance of Rl and R2 insertions, R2 levels equal or exceed those of the Rl elements in only three species Lathe et al. 1995; unpublished data) . In several species, R2 levels are so low that they are difficult to detect by our standard genomic blotting procedures (Jakubczak, Burke, and Eickbush 1991) . Presumably, the use of R2-specific PCR primers will reveal R2 insertions in other insect taxa previously identified as containing only Rl elements.
Considerable effort has been devoted to confirming that the two exceptional Drosophila species, D. erectu and D. orena from the melanogaster species subgroup, totally lack R2 elements. Five degenerate PCR primers to different regions of the R2 element failed to amplify R2 from these species, R2-specific DNA probes failed to reveal R2 sequences on genomic blots, and 28s gene probes failed to reveal insertion bands not attributable to Rl insertions ; this report). The numbers of rDNA units in these two species are typical of most Drosophila species, and the Rl elements are not unusual in abundance or in sequence . Drosophila erectu and D. orena are sister species; thus, the absence of R2 in both species could be attributed to a single event in a common ancestor. It should be noted that both species are exceedingly rare, with D. arena having been found only once and the single extant strain of this species having been founded from one female (Lachaise et al. 1988) . The absence of R2 in these two species is significant, because it shows that it is indeed possible for these elements to be eliminated from the genome. This would be advantageous if R2 elements were deleterious, and yet there appears to be no major lineage within Drosophila which has rid itself of R2.
The widespread distribution of R2 in Drosophila was shown in this report to be the result of the stability of an active family of elements within each lineage. That R2 elements are maintained by retrotransposition was shown by the 4%fold faster rate of nucleotide substitution at synonymous sites compared to replacement sites and by the length variation associated with the R2 poly(A) 3' tails of most species. That the R2 elements are stable in each lineage was shown by their phylogenetic relationships.
The phylogenies of the R2 elements from different species of the same species group were consistent with the species phylogeny and are easily resolved from the R2 elements of other species groups. Unfortunately resolution of the phylogenetic relationships of the different species groups was not possible. It is unlikely that much greater resolution of the deeper phylogeny of R2 would be obtained by simply increasing the amount of sequence beyond the 5 10 bp used in this report. Determination of the deep phylogenetic relationships within Drosophila using any single gene sequence has proven very difficult (DeSalle and Grimaldi 199 1; Russo, Takezaki, and Nei 1995). We conclude that R2 elements are stable components of each Drosophila species group, and no evidence exists for the horizontal exchange of R2 elements between these groups.
One major difference was found between the evolution of R2 elements within Drosophila and that previously reported for Rl elements . In our survey of Rl elements from 11 species, 2 species, D. takahashii and D. neotestacea, were found to have two Rl families within their 28s genes. The two Rl families differed in nucleotide sequence identity by 30% and 46%, respectively.
Continued analysis of Rl clones in other species of Drosophila has revealed additional examples of Drosophila species harboring more than one family of Rl elements (unpublished data). In this study we sequenced over twice as many clones of R2 elements from each species as we did in our initial characterization of Rl elements, yet we found no evidence for multiple R2 families. Multiple families of R2 can exist within a species. Four distinct R2 families have been found in a species of beetle that harbors only one Rl family (Burke et al. 1993) . It is unclear whether the presence of multiple families is merely a stochastic issue or whether there is a mechanistic reason why some taxa have multiple Rl families and a single R2 family, while other taxa have multiple R2 families and a single Rl family.
The stable vertical inheritance of Rl and R2 in the genus Drosophila contrasts with what is known about the evolution of other mobile elements in the genus (Bucheton et al. 1986; Stacey et al. 1986; Daniels et al. 1990; Mizrokhi and Mazo 1990; Maruyama and Hart1 1991; Simmons 1992; Clark, Maddison, and Kidwell 1994; Lohe et al. 1995) . One possible explanation is that this type of element has some selective advantage to the host (Hollocher and Templeton 1994) . A more likely explanation is that the maintenance of Rl and R2 for such long periods of evolution may be a result of the rDNA locus representing a particularly favorable locus for a "parasitic" element Lathe et al. 1995) . We can suggest several advantages to this "niche." Target sequence specificity for the ribosomal locus offers these elements an abundant supply of uniform, transcriptionally active insertion sites. Second, although the insertion of an R2 element inactivates the 28s gene, this cost is likely to be lower and more easily compensated for than more random insertion throughout the genome. Finally, sequence-specific insertion in the rDNA locus is likely to limit the deleterious effect on the host associated with ectopic exchange (see discussion of ectopic exchange in Charlesworth and Langley 1989).
A second feature that distinguishes Rl and R2 from other mobile elements in Drosophila is that most copies of Rl and R2 appear to be functional. Only one of the 83 R2 elements sequenced in this report and none of the 34 Rl elements sequenced previously have defects in their ORFs. Thus, another possible explanation for the unusual stability of these elements is that Rl and R2 are somehow not subject to the accumulation of defective (nonautonomous) copies that rely on a diminishing number of autonomous copies for their replication (Kaplan, Darden, and Langley 1985) . Rl and R2 are subject to the concerted evolution of the rDNA locus; however, the random process of concerted evolution cannot by itself account for the high percentage of intact elements unless there is a mechanism that favors active copies over defective copies.
Clearly, we need a greater understanding of the concerted evolutionary processes of the rDNA locus and the turnover of Rl and R2 elements in particular. We have already shown that a significant percentage of the R2 elements in the rDNA units of D. melanogaster contain 5' truncations (Jakubczak et al. 1992; George, Burke, and Eickbush 1996) . These truncations are generated by the target-primed reverse transcription mechanism of integration used by R2 (Luan et al. 1993) . Based on an analysis of different inbred strains, individual 5' truncated elements do not expand in number to become a large percentage of the elements on a chromosome. Rather, each chromosome contains a large number of different R2 truncations, suggesting that individual truncations are rapidly eliminated from the rDNA locus. We are attempting to incorporate the retrotransposition of Rl and R2 elements into the recombination models proposed to explain the concerted evolution of the rDNA locus (Lyckegaard and Clark 199 1; Fletcher 1994; Schlotterer and Tautz 1994; unpublished data) . These and future modeling studies should allow estimates of the retrotransposition frequency relative to the recombination rates needed to maintain Rl and R2 elements in various percentages of the rDNA units and indicate whether these retrotransposition and recombination events are random.
